Introduction
============

Genetic studies on the hereditary form of Parkinson's disease have identified genes relevant to disease pathogenesis. *PTEN-induced putative kinase 1* (*PINK1*; also known as *PARK6*) and *PARKIN* (also known as *PARK2*) have been identified as the causal genes responsible for hereditary recessive early onset Parkinsonism ([@bib22]; [@bib53]). To date, there is significant evidence supporting a functional link between PINK1, Parkin, and mitochondrial quality control. PINK1 is a serine/threonine kinase that specifically accumulates on and is activated by mitochondria with a decreased membrane potential (membrane potential = ΔΨm; [@bib30]; [@bib33]; [@bib38], [@bib39]). PINK1 is an upstream factor of Parkin ([@bib8]; [@bib42]; [@bib64]) that activates the latent ubiquitin ligase (E3) activity of Parkin ([@bib30]) and recruits it to depolarized mitochondria ([@bib12]; [@bib33]; [@bib55]; [@bib68]). Parkin then catalyzes ubiquitin transfer from ubiquitin-charged E2 enzymes (UBE2A, UBE2N, UBE2L3, or UBE2D2/3) to various substrates on depolarized mitochondria ([@bib51]; [@bib2]; [@bib14]; [@bib48]; [@bib10]; [@bib13]). As a consequence, inferior mitochondria with low ΔΨm are quarantined and degraded via the proteasome and autophagy ([@bib31]; [@bib30]; [@bib36]; [@bib2]; [@bib65]). Mechanistic insights into PINK1-mediated Parkin activation have recently been revealed. Parkin is an intramolecular autoinhibitory E3 ([@bib3]; [@bib6]) that usually has its catalytic Cys431 core occluded by a RING0 domain ([@bib46]; [@bib52]; [@bib57]). PINK1 phosphorylation of Ser65 in the both ubiquitin-like domain of Parkin and ubiquitin triggers removal of Parkin autoinhibition by phosphorylated ubiquitin, which then results in the conversion of phosphorylated Parkin to the fully active form ([@bib24]; [@bib49]; [@bib16]; [@bib18]; [@bib19]; [@bib25]).

Although significant progress has been made in elucidating the Parkin activation mechanism, the molecular basis for Parkin recruitment to depolarized mitochondria by PINK1 remains obscure. PINK1-phosphorylated mitofusin was recently reported as a Parkin receptor on damaged mitochondria ([@bib4]); however, the recruitment of Parkin to depolarized mitochondria and acceleration of mitochondrial degradation equivalent to wild-type (WT) cells in *mitofusin1/2* double knockout (KO) MEFs seem to contradict this mitofusin receptor model ([@bib31]; [@bib2]). Moreover, other data on Parkin translocation are difficult to interpret using this hypothesis. The catalytically inactive Parkin C431S mutant results in a dead-end intermediate via ubiquitin-oxyester conjugation on Ser431 ([@bib16]; [@bib27]). Parkin(C431S) is thus folded correctly but dysfunctional in E3, and it fails to translocate to depolarized mitochondria, which suggests that the ubiquitin ligase activity of Parkin is required for mitochondrial translocation ([@bib27]; [@bib67]). Under these conditions, we have no consensus on whether phosphorylated mitofusin is the genuine Parkin receptor on depolarized mitochondria. Thus the largest unresolved issue in this field at present is to elucidate the mechanism by which Parkin is recruited to damaged mitochondria. Here we report that a PINK1 phosphorylated ubiquitin chain is the genuine Parkin receptor. This proposal enables us to reasonably explain many aspects of Parkin recruitment.

Results
=======

K63- and K48-linked polyubiquitin chains are phosphorylated by PINK1
--------------------------------------------------------------------

In our previous paper, we showed that phosphorylated ubiquitin lacking the C-terminal diglycine motif, which is crucial for conjugation to the substrate and polyubiquitin chain formation, remains capable of activating Parkin E3 activity ([@bib25]). This result indicates that neither polyubiquitin chain formation nor substrate conjugation of phosphorylated ubiquitin is required for Parkin activation. Nevertheless, when the absolute level of phosphorylated ubiquitin in cell lysates was determined by mass spectrometry (MS) analysis, a significant amount of phosphorylated ubiquitin was detected in the middle (14,000--55,000) and the high (\>55,000) molecular weight fractions ([@bib25]). Because ubiquitin is a small protein (∼9 kD), it is reasonable to assume that the aforementioned signal was derived from substrate-conjugated phosphorylated ubiquitin and/or ubiquitin chain containing phosphorylated ubiquitin. We thus examined whether the phosphorylated ubiquitin chain exists in cells after mitochondrial uncoupler (carbonyl cyanide m-chlorophenylhydrazine \[CCCP\]) treatment. The major polyubiquitin chain is constituted via ubiquitin--ubiquitin conjugation on Lys48 (K48) or Lys63 (K63). Because the position of ubiquitin phosphorylation (S65) is very close to K63, we can directly verify and analyze incorporation of a phosphate in the K63-linked polyubiquitin chain by MS analysis. When we searched the MS data for a peptide signal corresponding to both S65 phosphorylation and a K63-GlyGly branch, which is a vestige of K63-linked polyubiquitylation, the signal was detected in the high and the middle molecular weight fractions of lysates prepared from CCCP-treated cells in three independent experiments ([Fig. 1 A](#fig1){ref-type="fig"}). This signal was absent in control cells not treated with CCCP and the low (\<14,000) molecular weight fraction of CCCP-treated cells ([Fig. 1 A](#fig1){ref-type="fig"}). In contrast, the MS signal derived from unmodified ubiquitin, S65-phosphoryated ubiquitin without the K63-GlyGly branch, or a K63-linked chain-forming nonphosphorylated ubiquitin was observed in all fractions, CCCP-treated fractions, and the high and middle molecular weight fractions, respectively ([Fig. S1, A--C](http://www.jcb.org/cgi/content/full/jcb.201410050/DC1){#supp1}). We thus confidently concluded that the K63-linked polyubiquitin chain is phosphorylated only in CCCP-treated cells.

![**Detection of a PINK1 phosphorylated ubiquitin chain in cells after a decrease in ΔΨm.** (A) Mass-spectrometric (MS) analysis identified peptides with a phosphorylated S65 and a K63-GlyGly branch in the middle (14,000--55,000) and high (\>55,000), but not low (\<14,000), molecular weight fractions of cell lysates after CCCP treatment. The data shown are from a single MS analysis of three independently prepared samples. (B) The extracted *m/z* 574.29719 ion chromatogram corresponds to the doubly charged ubiquitin phosphopeptide EpSTLHLVLR, which was identified in immunoprecipitates using an Apu2 anti-K48--linked polyubiquitin chain antibody but not control IgG. This experiment was completed once (*n* = 1). (C) Retarded-mobility bands corresponding to K48-linked, K63-linked, and linear tetra-ubiquitin chains (red vertical lines) were observed in Phos-tag PAGE only after incubation with mitochondria isolated from CCCP-treated cells. P4D1, anti-ubiquitin antibody. IB, immunoblotting. (D) Incorporation of ^32^P in the recombinant K48-linked and K63-linked tetra-ubiquitin chains was specifically detected when incubated with immunoprecipitated PINK1 (IP-PINK1) from digitonin-solubilized depolarized mitochondria (+ CCCP Mt). (E and F) *Tc*PINK1 (indicated by the arrowhead in E) purified from *E. coli* was incubated with mono-ubiquitin or linear, K48-linked, and K63-linked tetra-ubiquitin chains. Retarded-mobility bands for all of the ubiquitin chains (F; red vertical lines) were observed in Phos-tag PAGE. Note that mobility does not reflect the molecular weight of proteins in Phos-tag PAGE ([@bib21]), and thus molecular weight markers are not shown. Black lines indicate that intervening lanes have been spliced out.](JCB_201410050R_Fig1){#fig1}

It is difficult to demonstrate phosphorylation in K48-linked polyubiquitin chains by MS analysis because a long peptide harboring both the S65 phosphorylation and the K48-GlyGly branch are not detected. As an alternative approach, we immunoprecipitated K48-linked polyubiquitin chains using a linkage-specific ubiquitin antibody, Apu2 ([@bib35]), and examined the immunoprecipitated product by MS analysis for the S65-phosphorylated peptide. The MS signal derived from a peptide with the K48-GlyGly branch was detected in the high-molecular-weight fractions of Apu2 immunoprecipitates but not in control IgG immunoprecipitates, which indicates successful immunoprecipitation of K48-linked polyubiquitin chains (Fig. S1, D and E). The S65-phosphorylated peptide was detected only in Apu2 immunoprecipitates from CCCP-treated cells ([Fig. 1 B](#fig1){ref-type="fig"}), which suggests that K48-linked polyubiquitin chain is also phosphorylated after CCCP treatment in cells.

There are two possible mechanisms that generate phosphorylated K63-linked and K48-linked ubiquitin chains in cells: free ubiquitin is phosphorylated by PINK1 and then incorporated into the ubiquitin chain by E3s, or the ubiquitin chain itself is directly phosphorylated by PINK1. We thus examined whether PINK1 phosphorylates the polyubiquitin chain. To detect potentially phosphorylated ubiquitin chains, phosphate-affinity (Phos-tag) PAGE in which the phosphorylated form of proteins can be easily distinguished from the nonphosphorylated form as a slower migrating band was used ([@bib20]). When recombinant K48-linked, linear, and K63-linked tetra-ubiquitin chains were incubated with isolated mitochondria from CCCP-treated or untreated cells, retarded-mobility bands of all ubiquitin chains were observed only with the CCCP-treated mitochondria ([Fig. 1 C](#fig1){ref-type="fig"}). To demonstrate PINK1-catalyzed phosphorylation of the ubiquitin chain more convincingly, PINK1 was immunoprecipitated from digitonin-solubilized mitochondria (referred to as IP-PINK1 hereafter), and recombinant K48-linked and K63-linked tetra-ubiquitin chains were incubated with IP-PINK1 and γ-\[^32^P\]ATP. Incorporation of ^32^P in the recombinant ubiquitin chains was specifically detected by IP-PINK1 from depolarized mitochondria ([Fig. 1 D](#fig1){ref-type="fig"}). Moreover, when recombinant *Tribolium castaneum* PINK1 (TcPINK1; [@bib60]) was purified from *Escherichia coli* ([Fig. 1 E](#fig1){ref-type="fig"}) and incubated with K48-linked, linear, and K63-linked tetra-ubiquitin chains, retarded-mobility bands of all tetra-ubiquitin chains was observed in Phos-tag PAGE ([Fig. 1 F](#fig1){ref-type="fig"}). We thus concluded that ubiquitin chains are directly phosphorylated by PINK1, although it remains unclear whether PINK1-phosphorylated free ubiquitin could be incorporated into the ubiquitin chain by E3s.

Catalytically active Parkin restores the mitochondrial localization of a catalytically inactive Parkin mutant in trans
----------------------------------------------------------------------------------------------------------------------

Parkin catalyzes ubiquitylation via a unique "RING/HECT hybrid" mechanism. To function as an E3, Parkin generates an intermediate form via a ubiquitin-thioester conjugation at Cys431 (C431), the catalytic core of Parkin ([@bib58]; [@bib16]; [@bib27]; [@bib46]; [@bib67]). Two research groups reported previously that Parkin harboring a C431 mutation (such as C431S) failed to translocate to depolarized mitochondria, whereas coexpression of WT Parkin or a Parkin R275W mutant (a unique pathogenic mutant that exhibits normal localization on depolarized mitochondria but has an ∼50% decrease in substrate ubiquitylation and p62 recruitment; [@bib36]; [@bib27]) could rescue the translocation defect of the Parkin(C431S) mutant in trans ([@bib27]; [@bib67]). [@bib27] hypothesized that self-association activity of Parkin allowed the C431S mutant to bind the R275W Parkin mutant and translocate with it onto depolarized mitochondria ([@bib27]). We confirmed that a GFP-Parkin(C431S) mutant did not translocate to depolarized mitochondria after 1 h of treatment with CCCP, whereas coexpression of WT Parkin clearly complemented mislocalization of C431S in the presence of CCCP ([Fig. 2, A and C](#fig2){ref-type="fig"}). Coexpression of the mutant Parkin(C431S) did not complement the GFP-Parkin(C431S) localization defect; this excludes the possibility that complementation is a mass action phenomenon or somehow requires Parkin lacking a GFP tag ([Fig. 2 B](#fig2){ref-type="fig"}). To examine the self-association--mediated mitochondrial localization of Parkin(C431S), we next constructed a mitochondria-targeting Parkin (Mt-Parkin) that artificially localizes on the outer mitochondrial membrane (OMM). MitoNEET is an integral OMM protein with an N-terminal anchor sequence that tethers the protein to the OMM such that it is oriented toward the cytoplasm ([@bib59]). We thus fused the membrane-anchoring domain of MitoNEET to the N terminus of Parkin to generate Mt-Parkin. Although Mt-Parkin clearly localizes on mitochondria ([Fig. 2 D](#fig2){ref-type="fig"}), Parkin(C431S) was not transported to mitochondria by Mt-Parkin alone, and CCCP treatment was still required for mitochondrial localization of Parkin(C431S) ([Fig. 2, E and F](#fig2){ref-type="fig"}). We propose two mechanisms to explain these data. The first posits that intermolecular self-association of Parkin is mediated by PINK1, thus CCCP treatment is a prerequisite for mitochondrial localization of Parkin(C431S), as suggested by [@bib27]. An alternative mechanism is that WT Parkin-catalyzed ubiquitylation of mitochondria is involved in Parkin(C431S) recruitment to the mitochondria. This second mechanism has also been suggested by [@bib67]. Because the latter model can logically explain why Parkin localization on depolarized mitochondria is impaired by E3 activity--deficient mutations or a decrease in ubiquitin-conjugating enzyme (E2s) activity ([@bib14]; [@bib15]; [@bib10]), we further investigated the latter possibility.

![**WT Parkin complements the mislocalization of a catalytically inactive Parkin mutant in trans.** (A) HeLa cells expressing GFP-Parkin(C431S) (catalytically inactive mutant) with or without WT HA-Parkin were treated with CCCP (10 µM, 1.5 h), and immunostained with anti-GFP and anti-Tom20 antibodies. (B) Coexpression of HA-Parkin(C431S) did not complement the localization defect of GFP-Parkin(C431S). (C) The number of cells with GFP-Parkin(C431S) localized to the mitochondria was counted in 100 cells. Numbers on the horizontal axis correspond to those of A. Bars represent the mean ± SD values of three experiments (error bars). (D) Mitochondrial localization of Mt-Parkin (Parkin fused with a MitoNEET mitochondrial outer membrane--targeting signal). (E) Cells expressing GFP-Parkin(C431S) (catalytically inactive mutant) with or without Mt-Parkin were treated with CCCP (10 µM, 1 h), and immunostained with anti-GFP and anti-Tom20 antibodies. (F) The number of cells with GFP-Parkin(C431S) localized to the mitochondria was counted as in C. Numbers on the horizontal axis correspond to those of E. Bars, 10 µm.](JCB_201410050_Fig2){#fig2}

A mitochondrial localized ubiquitin chain recruits Parkin to energized mitochondria
-----------------------------------------------------------------------------------

Previous assays using linkage-specific anti-polyubiquitin chain antibodies ([@bib36]), a linkage-specific ubiquitin chain binding probe ([@bib54]; [@bib5]), and MS analyses ([@bib2]) suggested that Parkin catalyzes the formation of both K48- and K63-linked poly-ubiquitin chains to substrates on depolarized mitochondria, but preferentially catalyzes formation of the K63-linked polyubiquitin chain. Exogenous expression of ubiquitin variants also suggested that the K27- and K63-linked ubiquitin chains are formed on depolarized mitochondria by Parkin ([@bib12]). We revealed that PINK1 phosphorylates ubiquitin chains ([Fig. 1](#fig1){ref-type="fig"}), and Parkin-catalyzed ubiquitylation on mitochondria is implicated in the recruitment of Parkin(C431S), an E3-negative mutant ([Fig. 2](#fig2){ref-type="fig"}). We thus hypothesized that the phosphorylated ubiquitin chain is the Parkin receptor on depolarized mitochondria.

The tertiary structure of the K63-linked ubiquitin chain resembles a linear ubiquitin chain ([@bib23]), thus we examined whether linear ubiquitin chains on normal mitochondria, with or without phosphomimetic mutations, recruit Parkin. To prevent cleavage by ubiquitin processing enzymes, a G76V mutation was introduced into ubiquitin. We tandemly arranged the mitochondria-targeting domain of Tom20, a V5-tag, and four copies of ubiquitin(G76V) to make a mitochondria-localized linear ubiquitin chain (referred hereafter as Mt-4×Ub). Mt-4×Ub, however, was poorly detected in cells using either immunoblotting or immunocytochemistry. Because the K63-linked ubiquitin chain, which structurally resembles the tandem ubiquitin chain used in this study, potentially serves as a targeting signal for the 26S proteasome ([@bib47]), we tried proteasomal inhibition to stabilize Mt-4×Ub. Treatment with the proteasome inhibitor MG132 restored and stabilized the expression of both 4×Ub ([Fig. S2 A](http://www.jcb.org/cgi/content/full/jcb.201410050/DC1){#supp2}, lanes 1 and 2) and Mt-4×Ub (lanes 5 and 6) as well as other cellular ubiquitin conjugates (Fig. S2 B). The distribution of Mt-4×Ub to the mitochondria was confirmed in both immunocytochemistry (Fig. S2 C, 1 and 2) and fractionation experiments (Fig. S2 D, lanes 1 and 2). Similarly, we constructed a mitochondria-targeting tetra phosphomimetic ubiquitin chain (referred hereafter as Mt-4×Ub(S65D)) that also localizes on mitochondria after MG132 treatment (Fig. S2, C and D). We then determined if the mitochondria-localized ubiquitin chains could recruit Parkin to normal (energized) mitochondria. Because Ser65 of Parkin is phosphorylated by PINK1 after a reduction in ΔΨm ([@bib24]; [@bib49]; [@bib16]), we constructed both WT and a phosphomimetic mutant (S65E) of Parkin. MG132 treatment alone did not alter the dispersed cytosolic localization of GFP-Parkin(WT) or GFP-Parkin(S65E) ([Fig. 3 A](#fig3){ref-type="fig"}), and the subcellular localization of GFP-Parkin(WT) did not change when Mt-4×Ub or Mt-4×Ub(S65D) were coexpressed in cells ([Fig. 3 B](#fig3){ref-type="fig"}, 1 and 3), even though the ubiquitin chain was expressed ([Fig. S3 A](http://www.jcb.org/cgi/content/full/jcb.201410050/DC1){#supp3}). Expression of Mt-4×Ub in cells caused a tendency to perinuclear accumulation of mitochondria ([Fig. 3 B](#fig3){ref-type="fig"}), as reported previously ([@bib36]). In stark contrast, phosphomimetic GFP-Parkin(S65E) localized on energized (tetramethylrhodamine ethyl ester \[TMRE\]-stainable\] mitochondria when coexpressed with Mt-4×Ub and Mt-4×Ub(S65D) after MG132 treatment ([Fig. 3 B](#fig3){ref-type="fig"}, 2 and 4). Colocalization of phosphomimetic Parkin and the mitochondrial ubiquitin chain was confirmed by immunocytochemistry ([Fig. 3 C](#fig3){ref-type="fig"}). We next examined whether a mitochondria-targeting linear ubiquitin chain was capable of recruiting catalytically inactive Parkin(C431S) to mitochondria. The cytosolic localization of GFP-Parkin(C431S) did not change in the presence of Mt-4×Ub or Mt-4×Ub(S65D) in cells ([Fig. 3 D](#fig3){ref-type="fig"}, 1 and 3) and did not overlap with the ubiquitin chain (Fig. S3 A). We previously reported that Ser65 in the Parkin(C431S) mutant is phosphorylated after CCCP treatment ([@bib16]). We thus constructed a catalytically inactive phosphomimetic Parkin mutant, GFP-Parkin(S65E/C431S), that localized on mitochondria when coexpressed with Mt-4×Ub and Mt-4×Ub(S65D) ([Fig. 3 D](#fig3){ref-type="fig"}, 2 and 4). Mitochondria in all of the expression studies were stained with TMRE (a ΔΨm-dependent dye), which suggests that ΔΨm is conserved. Colocalization of Parkin(S65E/C431S) and the mitochondrial ubiquitin chain was also confirmed (Fig. S3 B, 2 and 4). All data shown in [Fig. 3](#fig3){ref-type="fig"} suggest that the mitochondrial polyubiquitin chain recruited phosphorylated Parkin from the cytosol to the mitochondria.

![**Ubiquitin chains recruit phosphomimetic Parkin to energized mitochondria in cells.** (A) HeLa cells expressing GFP chimeras of WT Parkin or a phosphomimetic (S65E) mutant were treated with MG-132 (10 µM, 3 h), stained with the ΔΨm-dependent dye TMRE, and observed with a fluorescence microscope. (B) HeLa cells coexpressing GFP chimeras of WT Parkin or a phosphomimetic (S65E) mutant with a WT or phosphomimetic (S65D) Mt-4×Ub (tandem tetra-ubiquitin fused with a targeting signal for mitochondrial outer membrane) were observed as in A. (C) Cells expressing GFP-Parkin(S65E) with WT or phosphomimetic (S65D) Mt-4×Ub were subjected to immunocytochemistry using an anti-V5 antibody that detects Mt-4×Ub. (D) HeLa cells coexpressing the indicated GFP-Parkin mutants and Mt-4×Ub were treated with MG-132 (10 µM, 3 h), stained with TMRE, and observed with a fluorescence microscope. Bars, 10 µm.](JCB_201410050_Fig3){#fig3}

Only the phosphomimetic ubiquitin chain can recruit Parkin to the mitochondria
------------------------------------------------------------------------------

[Fig. 3](#fig3){ref-type="fig"} suggests that phosphorylated Parkin interacts with the polyubiquitin chain regardless of the phosphorylation status of ubiquitin. However, that interpretation may be tenuous, as ubiquitin chain formation is integral to many cellular processes such as proteasomal degradation, DNA repair response, membrane trafficking, and the nuclear factor κB (NF-κB) pathway. According to the model, if Parkin is phosphorylated by PINK1, phosphorylated Parkin might be recruited to the other cellular pathways involved in ubiquitin chain formation.

We speculated that PINK1 had nothing to do with the Parkin recruitment experiments ([Fig. 3](#fig3){ref-type="fig"}) because PINK1 is degraded on energized mitochondria in a ΔΨm-dependent manner ([@bib30]; [@bib33]), and maintenance of ΔΨm was confirmed by the potentiometric dye TMRE ([Fig. 3, B and D](#fig3){ref-type="fig"}). However, cells were treated with MG132 to stabilize the mitochondrial polyubiquitin chains (Fig. S2). MG132 inhibits the final step in PINK1 degradation by the N-end rule pathway and causes accumulation of the cleaved form of PINK1 ([@bib33]; [@bib62]). To rule out the possible effect of PINK1 completely, we generated a *PINK1* KO HeLa cell line by clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9-mediated genome editing ([@bib9]). HeLa cells transfected with plasmids for *PINK1* KO by the CRISPR/Cas9 system were subjected to single clone selection, of which we obtained four clonal cells, identified as \#1--4 ([Fig. S4 A](http://www.jcb.org/cgi/content/full/jcb.201410050/DC1){#supp4}). Among the putative *PINK1*-KO HeLa cells, two clones (clone \#1 and \#4) showed complete inhibition of GFP-Parkin translocation and autoubiquitylation (Fig. S4, A and B, lanes 2 and 5). Endogenous PINK1 was undetectable in the *PINK1* KO cell lines (Fig. S4 B), and genomic deletion of *PINK1* was confirmed by direct sequencing (not depicted). Furthermore, complementation of exogenous PINK1 in clone \#4 restored the translocation and autoubiquitylation of GFP-Parkin to WT levels (Fig. S4, C--E). We thus used this clone in all subsequent experiments.

We reevaluated the mitochondrial localization of Parkin in *PINK1* KO cells coexpressing Mt-4Ub. The C431S mutation was introduced to prevent ubiquitin chain remodeling by Parkin, and the S65E mutation was introduced to overcome the prerequisite for Parkin phosphorylation. Although GFP-Parkin(S65E/C431S) was recruited to mitochondria by Mt-4×Ub after MG132 treatment in WT HeLa cells ([Fig. 4 A](#fig4){ref-type="fig"}, panels 1 and 2), no mitochondrial localization of GFP-Parkin(S65E/C431S) was observed in *PINK1* KO HeLa cells expressing Mt-4×Ub ([Fig. 4 A](#fig4){ref-type="fig"}, 3 and 4; and [Fig. 4 B](#fig4){ref-type="fig"}). Reintroduction of WT PINK1 complemented the mitochondrial localization of GFP-Parkin (S65E/C431S) in the presence of Mt-4×Ub ([Fig. 4 C](#fig4){ref-type="fig"}). These results strongly suggest that mitochondrial localization of phosphomimetic Parkin by the mitochondria-localized WT ubiquitin chain is attributable to phosphorylation by undegraded PINK1. Interestingly, even in the *PINK1* KO cells, the mitochondria-localized phosphomimetic ubiquitin chain (Mt-4×Ub(S65D)) could recruit Parkin(S65E/C431S) to energized mitochondria ([Fig. 4 D](#fig4){ref-type="fig"}, 6; and [Fig. 4 E](#fig4){ref-type="fig"}), whereas a linear ubiquitin chain composed of either WT or phosphorylation-deficient mutant (S65A) ubiquitin failed to recruit Parkin(S65E/C431S) to the mitochondria ([Fig. 4 D](#fig4){ref-type="fig"}, 4 and 5; and [Fig. 4 E](#fig4){ref-type="fig"}). We also examined the subcellular localization of WT, phosphomimetic (S65E), and catalytically inactive (C431S) Parkin under the same conditions. Parkin(S65E), but not WT Parkin or Parkin(C431S), was also recruited to mitochondria by Mt-4×Ub(S65D) ([Fig. 4 F](#fig4){ref-type="fig"}). The results shown in [Fig. 4](#fig4){ref-type="fig"} indicate that the phosphomimetic polyubiquitin chain itself is sufficient for mitochondrial localization of phosphomimetic Parkin even in the absence of PINK1, which suggests that the phosphorylated ubiquitin chain is the mitochondrial receptor for phosphorylated Parkin.

![**Phosphomimetic ubiquitin chains specifically recruit phosphomimetic Parkin to mitochondria even in the absence of PINK1.** (A) WT and *PINK1* KO HeLa cells expressing GFP-Parkin(S65E/C431S) and Mt-4×Ub(WT) were treated with MG-132 (10 µM, 3 h), stained with TMRE, and observed with a fluorescence microscope. Accumulation of linear ubiquitin causes mitochondrial aggregation as reported previously ([@bib36]). Bars, 10 µm. (B) The number of cells with GFP-Parkin(S65E/C431S) localized to the mitochondria. Bars represent the mean ± SD (error bars) values of 100 cells in three independent experiments. (C) PINK1 is essential for Mt-4×Ub(WT) recruitment of phosphomimetic Parkin. Mt-4×Ub and MG-132-dependent mitochondrial localization of GFP-Parkin(S65E/C431S) in *PINK1* KO HeLa cells with or without PINK1 reintroduction is shown. Cell counting was performed as in B. Error bars represent mean ± SD. (D) *PINK1* KO HeLa cells coexpressing GFP-Parkin(S65E/C431S) with WT, phosphorylation-deficient (S65A), or phosphomimetic (S65D) Mt-4×Ub with or without MG-132. Bars, 10 µm. (E) Statistical analysis of D. SA, S65A; SD, S65D. Error bars represent mean ± SD. (F) *PINK1* KO HeLa cells expressing the indicated GFP-Parkin mutants and Mt-4×Ub after MG-132 treatment were observed with a fluorescence microscope, and the number of cells with Parkin-positive mitochondria was determined as in B. Error bars represent mean ± SD. SA, S65A; SD, S65D.](JCB_201410050_Fig4){#fig4}

We further examined if Parkin recruitment by Mt-4×Ub(S65D) triggers downstream events such as the recruitment of p62 and LC3 for mitochondrial perinuclear aggregation and autophagic degradation ([@bib31], [@bib32]; [@bib12]; [@bib36]; [@bib17]). We found that exogenous GFP-LC3 and endogenous p62 accumulate not only on Parkin-recruiting mitochondria in *PINK1* KO cells expressing Mt-4×Ub(S65D) but also on mitochondria in Mt-4×Ub(WT)--expressing cells that cannot recruit Parkin. Finally, we realized that even in cells lacking Parkin expression, GFP-LC3 and p62 were recruited to energized mitochondria decorated with Mt-4×Ub(S65D) or Mt-4×Ub(WT) ([Fig. S5, A and B](http://www.jcb.org/cgi/content/full/jcb.201410050/DC1){#supp5}). These results indicate that the linear ubiquitin chain on mitochondria, which is equivalent to the most downstream product of the PINK1--Parkin pathway, is sufficient to recruit the autophagic machinery (LC3 and p62) irrespective of PINK1 and Parkin.

Parkin-dependent accumulation of phosphorylated ubiquitin on depolarized mitochondria
-------------------------------------------------------------------------------------

Although tandem chains of phosphomimetic ubiquitin (ubiquitin(S65D) mutant) can recruit Parkin to energized mitochondria independently of PINK1 ([Fig. 4](#fig4){ref-type="fig"}), we wanted to investigate Parkin recruitment activity under more physiological conditions that used phosphorylated ubiquitin rather than phosphomimetic ubiquitin. To monitor the subcellular localization of phosphorylated ubiquitin, we prepared a specific affinity-purified rabbit polyclonal antibody for phosphorylated ubiquitin (α-pUb). Immunoblotting experiments with nonphosphorylated and phosphorylated ubiquitin revealed that the α-pUb antibody specifically recognized phosphorylated ubiquitin ([Fig. 5 A](#fig5){ref-type="fig"}). We next confirmed the specificity of α-pUb in immunocytochemical experiments. Expression of Mt-4×Ub in WT HeLa cells causes perinuclear accumulation of mitochondria ([Fig. 3](#fig3){ref-type="fig"}; [@bib36]); however, α-pUb failed to stain these aggregated mitochondria ([Fig. 5 B](#fig5){ref-type="fig"}, 1). In contrast, α-pUb detected clustered mitochondria when cells expressing Mt-4×Ub were treated with CCCP ([Fig. 5 B](#fig5){ref-type="fig"}, 2), revealing that the α-pUb detected only phosphorylated ubiquitin even in cytochemistry. When HeLa cells expressing sole GFP or exogenous Parkin-GFP were treated with CCCP and stained with α-pUb, phosphorylated ubiquitin accumulated on depolarized mitochondria in a Parkin-dependent manner ([Fig. 5 C](#fig5){ref-type="fig"}, 1 and 2). In contrast, in exogenous PINK1-expressing HeLa cells, the phosphorylated ubiquitin signal increased but was not restricted on mitochondria. Instead, the signal was dispersed throughout the cytosol ([Fig. 5 C](#fig5){ref-type="fig"}, 3), revealing that localization of phosphorylated ubiquitin on depolarized mitochondria is facilitated by Parkin ([Fig. 5 D](#fig5){ref-type="fig"}). These results are consistent with the recent report by [@bib41] finding that Parkin-dependent ubiquitylation is required for accumulation of phosphorylated ubiquitin on mitochondria.

![**Parkin-dependent accumulation of phosphorylated ubiquitin on depolarized mitochondria.** (A) Preparation of the anti-phosphorylated ubiquitin antibody, α-pUb. Non-phosphorylated ubiquitin control (lanes 1 and 3) and ubiquitin phosphorylated by recombinant *Tc*PINK1 (lanes 2 and 4) were subjected to Phos-tag PAGE. The membrane was separated in two at the broken line and immunoblotted with an anti-ubiquitin antibody (P4D1) or the anti--phospho-ubiquitin antibody, α-pUb. α-pUb specifically reacts with phosphorylated ubiquitin. Note that mobility does not reflect the molecular weight of proteins in Phos-tag PAGE ([@bib21]) and thus molecular weight markers are not shown. (B) Specificity of α-pUb in cytochemical experiments. HeLa cells expressing Mt-4×Ub ± CCCP were stained with α-pUb and Hsp60 (mitochondrial marker). Mt-4×Ub containing aggregated mitochondria were detected by α-pUb only after CCCP treatment. (C) HeLa cells expressing sole GFP (1), GFP-Parkin (2), or PINK1-GFP (3) were treated with CCCP and were stained with α-pUb. Phosphorylated ubiquitin is detectable after overproduction of Parkin or PINK1; however, restricted accumulation of phosphorylated ubiquitin on mitochondria is dependent on Parkin. (D) The number of cells with no signal (blue), a mitochondria-localized signal (red), or a cytosolic signal (green) for phosphorylated ubiquitin was determined in 100 cells. Bars represent the mean ± SD (error bars) values of three experiments. Bars, 10 µm.](JCB_201410050_Fig5){#fig5}

Ectopic phosphorylated ubiquitin can recruit Parkin to alternative compartments in cells
----------------------------------------------------------------------------------------

We then examined whether the K48- or K63-linked chain of phosphorylated ubiquitin rather than a linear phosphomimetic polyubiquitin chain recruits Parkin. To achieve this, we established an inducible cellular system in which phosphorylated ubiquitin is targeted to the lysosome. When cells are treated with the lysosomotropic reagent l-leucyl-[l]{.smallcaps}-leucine methyl ester (LLOMe), the LLOMe is converted by a lysosomal thiol protease dipeptidyl peptidase I into a membranolytic form (Leu-Leu)n-OMe (*n* \> 3) that causes lysosomal rupture. Damaged lysosomes are promptly and heavily ubiquitylated ([@bib29]). We confirmed that ubiquitin is targeted and accumulated on the lysosomal membrane after 1 h of LLOMe treatment ([Fig. 6 A](#fig6){ref-type="fig"}). Immunocytochemistry using a linkage-specific anti-ubiquitin chain antibody (Apu3) suggests that a K63-linked polyubiquitin chain is formed on the ruptured lysosome ([Fig. 6 B](#fig6){ref-type="fig"}), as is the case with depolarized mitochondria in Parkin-expressing cells ([@bib36]). We thus expected that the accumulation of phosphorylated ubiquitin in the cytosol would lead to passive incorporation into the ubiquitin chain at the lysosomal membrane after LLOMe treatment. Indeed, when PINK1-expressing HeLa cells were pretreated with CCCP (promotes cytosolic accumulation of phosphorylated ubiquitin as [Fig. 5 C](#fig5){ref-type="fig"}) and subsequently treated with both CCCP and LLOMe, phosphorylated ubiquitin colocalized on lysosomes with exogenous Flag-ubiquitin ([Fig. 6 C](#fig6){ref-type="fig"}, 1; and [Fig. 6 D](#fig6){ref-type="fig"}, 3). Even though the unphosphorylatable Flag-ubiquitin(S65A) mutant was used, Flag-positive foci were also detected using an anti-phosphorylated ubiquitin antibody ([Fig. 6 C](#fig6){ref-type="fig"}, 2). This result suggests that phosphorylated ubiquitin along with unmodified ubiquitin molecules was targeted to the ruptured lysosome after LLOMe treatment for passive incorporation into the ubiquitin chain. We then examined whether Parkin is recruited to lysosomes after LLOMe-mediated accumulation of phosphorylated ubiquitin. This experiment, however, presents a challenge, in that CCCP treatment results in the targeting of Parkin to mitochondria accompanied with accumulation of phosphorylated ubiquitin on mitochondria ([Fig. 5 C](#fig5){ref-type="fig"}, 2). Indeed, when cells expressing WT or phosphomimetic (S65E) Parkin were pretreated with CCCP, phosphorylated ubiquitin as well as WT and phosphomimetic (S65E) Parkin localized on depolarized mitochondria irrespective of LLOMe treatment (Fig. S5 C). However, as shown in [Fig. 2 A](#fig2){ref-type="fig"}, the C431S E3--deficient mutation of Parkin uncouples mitochondrial localization of Parkin from CCCP treatment ([Fig. 2 A](#fig2){ref-type="fig"}, 1). Parkin(C431S) however still targeted the site where the phosphorylated-ubiquitin chain accumulates, such as depolarized mitochondria under WT Parkin-coexpressing conditions ([Fig. 2 A](#fig2){ref-type="fig"}, 2). In cells expressing Parkin(C431S), phosphorylated ubiquitin accumulated only after CCCP treatment but was dispersed throughout cells ([Fig. 6 D](#fig6){ref-type="fig"}, 1 and 2). When Parkin(C431S)-expressing cells were treated first with CCCP and then with LLOMe, phosphorylated ubiquitin localized to the lysosome, but with minimal colocalization of Parkin(C431S) ([Fig. 6 D](#fig6){ref-type="fig"}, 3). Because phosphorylation of Parkin Ser65 accelerates interactions with phosphorylated ubiquitin ([Fig. 4](#fig4){ref-type="fig"}; [@bib25]), we used a Parkin(S65E,C431S) double mutant to examine the subcellular localization. As is the case with GFP-Parkin(C431S) ([Fig. 2](#fig2){ref-type="fig"}), GFP-Parkin(S65E/C431S) alone did not localize to mitochondria after CCCP treatment (Fig. S5 D, 1), whereas coexpression of WT Parkin restored its mislocalization (Fig. S5 D, 2), which suggests that the WT Parkin--catalyzed ubiquitin chain and CCCP recruits Parkin(S65E/C431S) to depolarized mitochondria. Importantly, Parkin(S65E/C431S) was dispersed throughout the cytoplasm after treatment with either CCCP or LLOMe alone ([Fig. 6 D](#fig6){ref-type="fig"}, 4 and 5), whereas Parkin(S65E/C431S) was recruited to phosphorylated ubiquitin-localized lysosomes after treatment with both CCCP and LLOMe ([Fig. 6 D](#fig6){ref-type="fig"}, 6; and [Fig. 6 E](#fig6){ref-type="fig"}). We thus concluded that the phosphorylated polyubiquitin chain in cells, which is more physiologically relevant than the phosphomimetic linear polyubiquitin chain, is sufficient for Parkin recruitment.

![**Ectopic lysosomal expression of phosphorylated ubiquitin chains recruit phosphomimetic Parkin.** (A and B) Lysosomes were ubiquitylated via a K63-linked ubiquitin chain after LLOMe treatment. WT HeLa cells without Parkin expression were treated with LLOMe or CCCP, and were subjected to immunocytochemistry using anti-Lamp1 (lysosomal marker), anti-ubiquitin, and anti-K63--linked ubiquitin chain (Apu3) antibodies. (C) HeLa cells stably expressing PINK1 were transfected with WT Flag-ubiquitin or the phosphorylation-deficient Flag-ubiquitin(S65A) mutant. Cells were treated with CCCP and LLOMe before immunocytochemical staining using anti-Flag and α-pUb antibodies. The phosphorylated ubiquitin signal merged well with that of unphosphorylatable Flag-ubiquitin(S65A), suggesting that phosphorylated ubiquitin is passively incorporated into the ubiquitin chain on ruptured lysosomes. However, cells stably expressing PINK1-3×Flag, 2H8 antibody did not detect PINK1-3×Flag (3) because 2H8 reacts with only N-terminally fused mono Flag tag. Higher magnification views (2×) of the boxed areas are shown in the insets. (D) HeLa cells stably expressing PINK1 were transfected with the indicated Parkin mutants, treated with CCCP, LLOMe, or both, and then immunostained with the indicated antibodies. (E) The number of cells with Parkin-positive lysosomes under the indicated experimental conditions. Bars represent the mean ± SD (error bars) values of 100 cells in three independent experiments. Bars, 10 µm.](JCB_201410050_Fig6){#fig6}

Ubiquitin Ser65 phosphorylation is essential for Parkin recruitment onto depolarized mitochondria
-------------------------------------------------------------------------------------------------

To further explore the importance of ubiquitin Ser65 phosphorylation in Parkin recruitment, we tried to replace genomic ubiquitin with a phosphorylation-deficient S65A mutant in mammalian cells, and examined mitochondrial translocation of Parkin. Ubiquitin is encoded by four genes (*RPS27A*, *UBA52*, *UBB*, and *UBC*) in the human genome, and is synthesized as a fusion protein with essential ribosomal subunits (S27a and L40) or tandem-repeated polyubiquitin chains. We used U2OS-shUb cells in which all of the genomic *ubiquitin* genes are knocked down by specific shRNAs, whereas two *ubiquitin* genes (*RPS27A* and *UBA52* encoding single ubiquitin fused with essential ribosomal subunit S27a or L40) are complemented as an shRNA-resistant form ([@bib61]). The ubiquitin S65A mutation was introduced into these retransformed *RPS27A* and *UBA52* genes, and the subcellular localization of GFP-Parkin was examined after CCCP treatment. Complementary shRNA-resistant ubiquitin possesses an HA tag that allowed us to confirm that the WT and mutant ubiquitins are expressed at similar levels in U2OS-shUb cells harboring WT *ubiquitin* (referred as shUb-Ub(WT)) or only the ubiquitin(S65A) mutant (referred to as shUb-Ub(S65A); [Fig. 7 A](#fig7){ref-type="fig"}). GFP-Parkin in shUb-Ub(WT) cells localized to the cytosol under steady-state conditions and translocated normally to depolarized mitochondria after CCCP treatment ([Fig. 7 B](#fig7){ref-type="fig"}, 1 and 2). In contrast, GFP-Parkin translocation was almost completely inhibited in shUb-Ub(S65A) cells ([Fig. 7 B](#fig7){ref-type="fig"}, 3 and 4; and [Fig. 7 C](#fig7){ref-type="fig"}). The clear inhibition on E3 activity of Parkin monitored by autoubiquitylation of GFP-Parkin and VDAC ubiquitylation was also observed in shUb-Ub(S65A) cells ([Fig. 7 D](#fig7){ref-type="fig"}). The results derived from this ubiquitin replacement cellular system confirmed that ubiquitin phosphorylation at Ser65 is indeed essential for Parkin translocation.

![**Parkin translocation to depolarized mitochondria was abrogated in U2OS-shUb cells in which the endogenous ubiquitin was replaced with S65A phosphorylation-deficient mutants.** (A) All genomic *ubiquitin* genes in U2OS-shUb cells were knocked down and complemented with either HA-tagged WT ubiquitin (shUb-Ub(WT)) or a phosphorylation-deficient ubiquitin(S65A) mutant (shUb-Ub(S65A)) as the tetracycline (Dox)-inducible system. Both complemented ubiquitin proteins are fused with L40 and S27a (essential ribosomal proteins). To quantify the total and complementary ubiquitin levels, shUb-Ub(WT) and shUb-Ub(S65A) cells were subjected to immunoblotting using anti-ubiquitin or anti-HA antibodies. (B) Subcellular localization of GFP-Parkin in shUb-Ub(WT) or shUb-Ub(S65A) cells. Translocation of GFP-Parkin to depolarized mitochondria was observed in shUb-Ub(WT) cells, but was completely depressed in shUb-Ub(S65A) cells. Bars, 10 µm. Insets show 4× magnified views of the boxed regions. (C) The rate of Parkin mitochondrial localization in 100 cells was determined. Bars represent the mean ± SD (error bars) of three independent experiments. (D) Autoubiquitylation of GFP-Parkin and VDAC ubiquitylation in shUb-Ub(WT) or shUb-Ub(S65A) cells. Both ubiquitylation types observed after CCCP treatment in shUb-Ub(WT) cells (red vertical bar and asterisk) were substantially suppressed in shUb-Ub(S65A) cells.](JCB_201410050_Fig7){#fig7}

Phosphomimetic ubiquitin chain physically interacts with Parkin in vitro
------------------------------------------------------------------------

Finally, we investigated whether the phosphorylated ubiquitin chain physically interacts with Parkin. First, we performed coimmunoprecipitation experiments under the same conditions as in [Fig. 4](#fig4){ref-type="fig"}. HeLa cells lacking *PINK1* were cotransfected with GFP-Parkin(S65E/C431S) and Mt-4×Ub or Mt-4×Ub(S65D), and Parkin was immunoprecipitated using anti-GFP antibody-coupled agarose beads. Consistent with the immunocytochemical data ([Fig. 4](#fig4){ref-type="fig"}), specific coimmunoprecipitation of Mt-4×Ub(S65D) with GFP-Parkin(S65E/C431S), but not Mt-4×Ub, was observed ([Fig. 8 A](#fig8){ref-type="fig"}). We confirmed the Parkin S65E dependency of the immunoprecipitation experiments ([Fig. 8 B](#fig8){ref-type="fig"}). These results indicate an interaction between the phosphomimetic ubiquitin chain and phosphomimetic Parkin. Next, we examined the interaction between the phosphorylated (not phosphomimetic) ubiquitin chain and Parkin. When *PINK1* KO HeLa cells expressing GFP-Parkin(S65E/C431S) were transfected with Mt-4×Ub (WT) and treated with MG132 and CCCP, Parkin did not localize on depolarized mitochondria ([Fig. 8 C](#fig8){ref-type="fig"}, 1) because the nonphosphorylated ubiquitin chain is insufficient for recruitment of Parkin to mitochondria. However, further introduction of WT PINK1 lead to GFP-Parkin(S65E/C431S) localization on mitochondria ([Fig. 8 C](#fig8){ref-type="fig"}, 2; and [Fig. 8 D](#fig8){ref-type="fig"}), but neither a kinase-dead (KD) nor a dysfunctional N-terminal deletion (ΔN155) mutant of PINK1 restored mitochondrial localization ([Fig. 8, C and D](#fig8){ref-type="fig"}). Immunoblotting using the anti-phosphorylated ubiquitin antibody α-pUb ([Fig. 5](#fig5){ref-type="fig"}) confirmed phosphorylation of the Mt-4×Ub chain when GFP-Parkin(S65E/C431S) was recruited to the mitochondria ([Fig. 8 E](#fig8){ref-type="fig"}, lane 2). We also examined the interaction between Parkin and the phosphorylated ubiquitin chain. Under these experimental conditions, unphosphorylated Mt-4×Ub did not immunoprecipitate with GFP-Parkin(S65E/C431S) ([Fig. 8 F](#fig8){ref-type="fig"}, lane 1), whereas phosphorylated Mt-4×Ub did coimmunoprecipitate ([Fig. 8 F](#fig8){ref-type="fig"}, lane 2), which indicates a physical interaction. To demonstrate this interaction between Parkin and the phosphorylated ubiquitin chain more directly, we performed an in vitro pull-down assay using recombinant proteins. We expressed and purified WT GST-Parkin and phosphomimetic GST-Parkin(S65E) from *E. coli* as previously reported ([@bib52]). Recombinant poly-ubiquitin chains consisting of a linear, K48, or K63 linkage were conjugated to agarose and were phosphorylated beforehand using recombinant TcPINK1 ([Fig. 1 E](#fig1){ref-type="fig"}). WT GST-Parkin or GST-Parkin(S65E) were co-incubated with the phosphorylated ubiquitin chains for 1 h at 4°C, and then the ubiquitin chain--conjugated agarose was collected by centrifugation. WT GST-Parkin was rarely pulled down by the ubiquitin chain--conjugated agarose ([Fig. 8 G](#fig8){ref-type="fig"}, lanes 1--6). In contrast, GST-Parkin(S65E) was specifically pulled down by phosphorylated linear, K48-linked, and K63-linked ubiquitin chains ([Fig. 8 G](#fig8){ref-type="fig"}, lanes 8, 10, and 12), but not their nonphosphorylated forms (lanes 7, 9, and 11). Because phosphorylation clearly accelerates the ability of recombinant ubiquitin chains to bind recombinant Parkin ([Fig. 8 G](#fig8){ref-type="fig"}), we concluded that the phosphorylated polyubiquitin chain directly interacts with Parkin.

![**Physical interaction between phosphorylated polyubiquitin chains and Parkin.** (A and B) Immunoprecipitation shows that phosphomimetic Parkin and phosphomimetic linear ubiquitin chains interact in cells. GFP-Parkin(S65E/C431S) immunoprecipitated from cell lysates was immunoblotted using an anti-V5 antibody that detects Mt-4×Ub. The interaction depends on phosphomimetic mutation of both the ubiquitin chain (A) and Parkin (B). (C and D) A mitochondria-localized linear ubiquitin chain (Mt-4×Ub) recruits Parkin in a CCCP- and PINK1-dependent manner. *PINK1* KO HeLa cells were transfected and treated as described in the text, and the GFP-Parkin(S65E/C431S)-derived signal was observed with a fluorescence microscope (C). Bars, 10 µm. The rate of Parkin mitochondrial localization was determined (D). KD, kinase dead; ΔN155, lacking the first 155 N-terminal amino acids. Bars represent the mean ± SD (error bars) values of 100 cells in three independent experiments. (E) Phosphorylation of the linear ubiquitin chain was confirmed by immunoblotting using α-pUb. (F) Interaction between phosphomimetic Parkin and a phosphorylated polyubiquitin chain. GFP-Parkin(S65E/C431S) was immunoprecipitated from *PINK1* KO HeLa cells transfected and treated as described in the text, and immunoblotted with an anti-V5 antibody for Mt-4×Ub and α-pUb. (G) Direct interaction between recombinant phosphomimetic Parkin and a phosphorylated ubiquitin chain. Polyubiquitin chain--conjugated agarose beads were phosphorylated by *Tc*PINK1. Recombinant GST-Parkin(WT) or the phosphomimetic GST-Parkin(S65E) mutant were incubated with the agarose beads and examined for GST-Parkin capture by the phosphorylated ubiquitin-conjugated agarose. (H) Model for phosphorylated polyubiquitin chain recruitment of Parkin to damaged mitochondria. See the text for details.](JCB_201410050_Fig8){#fig8}

Discussion
==========

Parkin catalyzes ubiquitylation of depolarized mitochondria to facilitate removal of the damaged mitochondria from the cells. Under steady-state conditions, Parkin is maintained in an inert state by two independent mechanisms. First, Parkin is broadly distributed in the cytosol under normal conditions, and is spatially separated from mitochondrial substrates. Second, the E3 activity of Parkin is kept latent, thus Parkin is enzymatically impeded from functioning in mitochondrial ubiquitylation. However, when ΔΨm decreases, Parkin is promptly recruited to depolarized mitochondria and its E3 activity is simultaneously reestablished, which allows ubiquitylation of mitochondrial substrates on OMM. Although PINK1 exerts essential roles in both steps and its kinase activity is indispensable, the molecular basis for how PINK1 recruits Parkin selectively to depolarized mitochondria has not been fully elucidated. Various models for the PINK1-mediated Parkin recruitment process have been proposed, but, until now, none have adequately explained the accumulated data. PINK1 phosphorylation of Parkin at Ser65 ([@bib24]; [@bib49]; [@bib16]) is thought to convert Parkin to a membrane-bound form. This model is sufficient to explain why phosphorylation-deficient mutants of Parkin (such as S65A) significantly, but not completely, inhibit Parkin recruitment ([@bib49]; [@bib66]), and why the kinase activity of PINK1 is required for Parkin mitochondrial localization ([@bib12]; [@bib30]; [@bib33]). This model, however, inadequately explains selective recruitment of Parkin to depolarized mitochondria when both depolarized and polarized mitochondria are present ([@bib31]; [@bib30]; [@bib63]). As an alternative model, phosphorylation of additional PINK1 mitochondrial substrates increases the affinity of mitochondria for Parkin, such that Parkin is recruited to the same mitochondria. This model is compatible with the requirement for PINK1 kinase activity in Parkin recruitment, and with the finding that Parkin is selectively directed to a subset of mitochondria when energized and depolarized mitochondria coexist. Indeed, it has been reported that PINK1-phosphorylated mitofusin is a Parkin receptor on damaged mitochondria ([@bib4]). It is difficult however to reconcile the mitofusin model with contradictory data reporting Parkin recruitment to depolarized mitochondria in *mitofusin1/2* double KO MEFs ([@bib31]; [@bib2]). Moreover, even if mitofusin or some other mitochondria-localized PINK1 substrates function as a Parkin receptor, it is difficult to explain how PINK1 targeting to peroxisomes or lysosomes, which lack such a genuine PINK1 substrate, still recruit Parkin to the respective organelles ([@bib26]). The last and the simplest hypothesis is that PINK1 physically interacts with Parkin and thus is the Parkin receptor. This model easily explains why PINK1 is essential for mitochondrial Parkin localization and is sufficient for Parkin targeting to organelles (e.g., peroxisome) other than mitochondria ([@bib26]). However, although PINK1 forms a stable high-molecular-weight complex composed of a PINK1 dimer and TOM machineries in response to a decrease in ΔΨm ([@bib26]; [@bib39]), association of Parkin with this complex was not detected, and the size of the PINK1 complex does not changed in the absence of Parkin ([@bib26]). This result suggests that PINK1 and Parkin do not stably associate in cells. An even more fundamental deficiency in all three models is their inability to explain why the E3 activity of Parkin itself is important for depolarized mitochondrial localization ([@bib27]; [@bib67]; [Fig. 2](#fig2){ref-type="fig"}).

In this paper, we present important findings that address the aforementioned deficiencies. First, phosphorylated polyubiquitin chains exist in cells when ΔΨm is decreased ([Fig. 1](#fig1){ref-type="fig"}). Second, a linear ubiquitin chain of phosphomimetic tetra-ubiquitin(S65D) recruits Parkin to energized mitochondria in the absence of PINK1, whereas a linear ubiquitin chain of WT tetra-ubiquitin does not ([Fig. 4](#fig4){ref-type="fig"}). Third, under more physiological conditions, a lysosomal polyubiquitin chain containing phosphorylated ubiquitin can recruit phosphomimetic Parkin to the lysosome ([Fig. 5](#fig5){ref-type="fig"}). In addition, physical interactions between phosphomimetic Parkin and phosphorylated ubiquitin were detected by immunoprecipitation both from cells and after in vitro reconstitution using recombinant proteins ([Fig. 8](#fig8){ref-type="fig"}). We thus propose a completely novel model for Parkin recruitment in which the phosphorylated ubiquitin chain functions as the genuine Parkin receptor.

Several research groups have reported that substrate specificity of Parkin is rather weak, and that Parkin ubiquitylates various OMM proteins ([@bib2]; [@bib34]; [@bib48]), including VDAC, mitofusin1/2, RHOT1/2(Miro), hexokinase I, and TOMM20 ([@bib11]; [@bib12]; [@bib44]; [@bib51]; [@bib68]; [@bib45]; [@bib56]; [@bib28]; [@bib37]; [@bib1]). As reported independently by [@bib41], we can easily imagine that Parkin catalyzes the formation of ubiquitin chains on various OMM proteins, and that these ubiquitin chains function as substrates for PINK1 phosphorylation, which then recruit and activate more Parkin molecules. This is a powerful feed-forward mechanism that can explain why the E3 activity of Parkin is required for efficient recruitment to depolarized mitochondria ([Fig. 2](#fig2){ref-type="fig"}), namely that the E3 activity is not required for initiation of the signal but rather for amplification. This model is also compatible with the confounding results that show PINK1 targeting to a heterogeneous organelle (e.g., peroxisomes or lysosomes, where genuine PINK1 substrates are not expected to exist) can recruit Parkin to the respective organelles, even though PINK1 is unlikely to be the Parkin receptor ([@bib26]). Ubiquitylation is commonly used as a signal for various organelle-specific signaling pathways, and thus there are many E3s and ubiquitylated cargo proteins on every organelle. For example, on peroxisomes two E3s (Pex2 and Pex10p--Pex12p complex) catalyze ubiquitylation for protein import into the peroxisomal matrix and Pex5 retrotranslocation ([@bib43]; [@bib40]). A diverse number of membrane proteins are ubiquitylated in the endosome--lysosome pathway for down-regulation ([@bib7]). The presence of these ubiquitylated proteins on various organelles might be phosphorylated by ectopically targeted PINK1, which then transmits the signal to Parkin. Similarly, for Parkin recruitment on depolarized mitochondria, the initiating signal for Parkin recruitment seems to be the already-existing mitochondrial ubiquitylated proteins mediated by other E3s. However, once the already-existing ubiquitylated protein is phosphorylated by PINK1 on depolarized mitochondria, it acts as a beacon for Parkin activation and recruitment, which then triggers local phosphorylated-ubiquitin signal amplification via a positive feedback loop (summarized in [Fig. 8 H](#fig8){ref-type="fig"}). However, in our model many details remain to be refined; i.e., we cannot exclude the possibility that Parkin preferentially incorporates phosphorylated ubiquitin over unmodified ubiquitin to increase the efficiency of this amplification process. Further analysis is needed to clarify this issue. While our manuscript was under review, [@bib50] independently published a paper with a similar conclusion.

In the present study, using a specific antibody for phosphorylated ubiquitin, and unique experimental procedures that promote lysosomal targeting of phosphorylated ubiquitin, we demonstrate that an ectopically localized phosphorylated polyubiquitin chain can recruit Parkin to the corresponding organelle. This is, to our knowledge, the first direct evidence that a phosphorylated polyubiquitin chain is the Parkin receptor in cells. We and others have reported that phosphorylated ubiquitin functions as a Parkin activator by de-repressing autoinhibition of Parkin E3 activity ([@bib18]; [@bib19]; [@bib25]), but unexpectedly, phosphorylated ubiquitin also functions in the Parkin recruitment process. We believe that ubiquitin phosphorylation enables us to understand comprehensively how PINK1 regulates Parkin.

Materials and methods
=====================

Plasmids and antibodies
-----------------------

Plasmids used in this study are summarized in [Table S1](http://www.jcb.org/cgi/content/full/jcb.201410050/DC1){#supp6}. The following primary antibodies were used. Mouse primary antibodies: anti-Ubiquitin (clone P4D1, 1:500; Santa Cruz Biotechnology Inc.), anti-V5 (product number \[PN\] R960-25, 1:1,000; Life Technologies), anti-actin (clone AC-40, 1:500; Sigma-Aldrich), anti-Parkin (clone PRK8, 1:2,000; Sigma-Aldrich), anti-DYKDDDDK (clone 2H8, 1:500; TransGenic Inc.), anti-GFP (clone 3E6, 1:1,000; Life Technologies), anti-Lamp1 (clone H4A3, 1:200; Santa Cruz Biotechnology, Inc.), anti-HA (clone TANA2, 1:1,000; MBL), and anti-VDAC (PN Ab-2, 1:1,000; EMD Millipore). Rabbit primary antibodies: anti-Ubiquitin (PN Z-0458, 1:500; Dako), anti-Tom20 (PN FL-145, 1:250 for immunoblotting or 1:2,000 for immunostaining; Santa Cruz Biotechnology, Inc.), anti-PINK1 (PN BC100-494, 1:1,000; Novus Biologicals), and anti-K63--linked ubiquitin chain (clone Apu3, 1:250; EMD Millipore). Goat primary antibodies: anti-LDH (PN ab2101, Abcam, 1:500) and anti-Hsp60 (PN sc1052, Santa Cruz Biotechnology, Inc., 1:250). To generate the anti-phosphorylated ubiquitin antibody, rabbit was immunized by antigen peptide C (for carrier protein conjugation)-NIQKE(pS)TLH, and the serum was subjected to affinity purification. The following secondary antibodies were used: various mouse, rabbit, or goat anti-IgG antibodies conjugated with alkaline phosphatase (1:5,000; Santa Cruz Biotechnology, Inc.) or with horseradish peroxidase (1:5,000; Jackson ImmunoResearch Laboratories, Inc.) for immunoblotting, and various mouse or rabbit anti-IgG antibodies conjugated with Alexa Fluor 488, 568, and 647 (1:2,000; Life Technologies) for immunostaining. Anti-GFP mouse mAb-agarose (D153-8, MBL) and anti-K48--linked ubiquitin chain rabbit antibody (clone Apu2; EMD Millipore) were used for immunoprecipitation. Recombinant linear, K48-linked, and K63-linked tetra-ubiquitin chains and ubiquitin-conjugated agarose beads were purchased from Boston Biochem.

Protein expression and purification from *E. coli*
--------------------------------------------------

Plasmids expressing GST-Parkin and GST-TcPINK1 were provided by J.F. Trempe (McGill University, Montreal, Canada). *E. coli* BL21-CodonPlus(DE3)-RIL (Agilent Technologies) were transformed with plasmids harboring the T7 RNA polymerase promoter for GST-TcPINK1, GST-Parkin(WT), or GST-Parkin(S65E) expression, and cultured at 37°C until an optical density at 600 nm of ∼0.5--0.8 was obtained. The cells were then cooled to 16°C and treated with 100 µM (for GST-TcPINK1) or 25 µM (for GST-Parkin) IPTG for 18 h at 16°C. For expression of GST-Parkin, 25 µM ZnCl~2~ was added to the culture medium. Cells were collected by centrifugation, resuspended in TBS (50 mM Tris-HCl, pH 7.5, 120 mM NaCl, 1 mM DTT, and protease inhibitor cocktail) containing 0.5% Tween-20, and sonicated on ice. After centrifugation to pellet cellular debris, the lysate was bound to glutathione--Sepharose 4B (GE Healthcare) and recombinant GST-fused proteins were eluted with TBS containing 20 mM glutathione.

Cells and transfection
----------------------

HeLa and U2OS cells were cultured at 37°C with 5% CO~2~ in DMEM (Sigma-Aldrich) supplemented with 10% fetal bovine serum (Equitech-BIO. Inc.), 1× penicillin-streptomycin-glutamine (Life Technologies), 1× nonessential amino acids (Life Technologies), and 1× sodium pyruvate (Life Technologies). For U2OS cells, tetracycline-free fetal bovine serum was used (see the "Ubiquitin replacement in cells" section below for detailed information). Cells were transfected with Fugene 6 (Roche and Promega).

Immunofluorescence and TMRE staining
------------------------------------

For immunofluorescence experiments, cells were fixed with 4% paraformaldehyde, permeabilized with 50 µg/ml digitonin, and then stained with the primary and secondary antibodies described earlier in the Materials and methods. To monitor the mitochondrial membrane potential, cells were treated with 50 nM TMRE (Sigma-Aldrich) for 30 min, washed three times, and subjected to live cell imaging to detect TMRE fluorescence at room temperature. Cells were imaged using a confocal laser-scanning microscope (LSM710 and LSM780; Carl Zeiss) with Plan-Apochromat 20×/0.8 NA M27, 40×/0.95 NA Korr M27, and 63×/1.40 NA oil differential interference contrast M27 objective lenses. The ZEN imaging software (Carl Zeiss) was used for image acquisition. Image contrast and brightness were adjusted in Photoshop Elements version 10 (Adobe).

Mitochondria enriched fractionation
-----------------------------------

Cells were suspended in fractionation buffer (250 mM NaCl, 20 mM Hepes-NaOH, pH 8, and protease and phosphatase inhibitor cocktail \[Roche\]) and disrupted by 20 passages through a 25-gauge needle with a 1-ml syringe. Debris was removed by centrifugation at 1,000 *g* for 7 min, and the supernatant was centrifuged (10,000 *g*, 4°C, 10 min) to precipitate the mitochondria-rich fraction.

Phos-tag SDS-PAGE and immunoblotting
------------------------------------

To detect phosphorylated proteins, SDS-PAGE with 50 µM Phos-tag acrylamide (Wako Pure Chemical Industries) and 100 µM MnCl~2~ was used. Mn^2+^ was removed from the electrophoresed gels by gentle shaking in transfer buffer with 0.01% SDS and 1 mM EDTA for 10 min. The gels were then washed for another 10 min in transfer buffer with 0.01% SDS but lacking EDTA according to the manufacturer's protocol. Proteins were transferred to PVDF membranes and detected with the indicated antibodies.

Generation of PINK1 KO HeLa cell line
-------------------------------------

*PINK1* KO HeLa cells were established using the CRISPR/Cas9 system (GeneArt CRISPR Nuclease System; Life Technologies). The vector in this kit encodes a Cas9 nuclease expression cassette and a guide RNA cloning cassette. The PINK1 guide RNA (5′-ACAAAGTGGCGGCCGATTGT-3′) was selected using a web site for CRISPR design (crispr.mit.edu). HeLa cells were transfected with the GeneArt CRISPR nuclease vector and a pSilencer5.1-H1 Retro empty vector (for selecting puromycin resistant cells) for 24 h. The cells were treated with 5 µg/ml puromycin for 48 h, then maintained in fresh puromycin-free medium. Monoclonal cell lines were generated through limiting dilutions. The putative *PINK1* KO HeLa cell lines were validated by genomic DNA sequencing and assaying for Parkin recruitment activity. To exclude the influence of off-target effects, the Parkin recruitment defect in the KO cell line was confirmed by complementation with exogenous PINK1.

In vitro labeling of ubiquitin chains by γ-\[^32^P\]ATP
-------------------------------------------------------

For immunoprecipitation experiments, mitochondria from HeLa cells stably expressing PINK1-3×Flag were collected, resuspended in cell-free assay buffer (20 mM Hepes-KOH, pH 7.5, 220 mM sorbitol, 10 mM KAc, and 70 mM sucrose), solubilized with 10 mg/ml digitonin (Wako) for 15 min at 4°C, and reacted with anti-FLAG M2 agarose (Sigma-Aldrich) for 1 h at 4°C. The resulting immunoprecipitates were washed repeatedly with the same buffer and collected by centrifugation. The immunoprecipitated PINK1 was then incubated with recombinant K48-linked or K63-linked tetra-ubiquitin chains (2 µg; Boston Biochem) and 100 µM γ-\[^32^P\]ATP (5 µCi) in 30 µl of kinase buffer (20 mM Tris-HCl, pH 7.5, 5 mM MgCl~2~, and 1 mM DTT) for 30 min at 30°C. The reaction was stopped by adding Laemmli's sample buffer and boiling. One-third of the sample was subjected to 17% SDS-PAGE and CBB staining. Phosphorylated proteins were visualized by autoradiography.

In vitro kinase assay and ubiquitin--Parkin interaction analysis
----------------------------------------------------------------

Recombinant ubiquitin and polyubiquitin chains (60 µM) were incubated with GST-TcPINK1 (2 µM) in kinase reaction buffer 1 (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10 mM MgSO~4~, 2 mM ATP, 2 µM DTT, and 1% glycerol) for 30 min at 30°C. The reaction was stopped by boiling for 5 min at 98°C. The reacted ubiquitin and polyubiquitin chains were subjected to Phos-tag PAGE. To examine the physical interaction between GST-Parkin and phosphorylated ubiquitin, polyubiquitin chain--conjugated agarose beads (15 µM) were incubated with *Tc*PINK1 (0.5 µM) in kinase reaction buffer 2 (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10 mM MgSO~4~, 2 mM ATP, and 1% glycerol) for 1 h at 30°C to promote phosphorylation and then boiled for 10 min at 90°C to deactivate *Tc*PINK1. The resulting phospho-ubiquitin chain--conjugated agarose beads (0.36 µM) were then incubated with recombinant GST-Parkin(WT) or phosphomimetic GST-Parkin(S65E) in reaction buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1% glycerol, 1 mM DTT, and 0.2% Triton X-100) for 1 h at 4°C. The phosphorylated ubiquitin-conjugated agarose beads were collected by centrifugation, washed three times, and boiled at 98°C for 5 min with SDS buffer. Captured GST-Parkin was detected by immunoblotting.

Liquid chromatography--tandem MS (LC-MS/MS) analysis of ubiquitin
-----------------------------------------------------------------

Mass spectrometric analysis was performed as previously reported ([@bib25]), with some modification. To identify endogenous S65 phosphorylated ubiquitin with a K63-GlyGly branch, whole cell lysates of intact PINK1-expressing HeLa cells ± CCCP treatment were subjected to SDS-PAGE and stained with CBB, then in-gel trypsin digestion was performed. Gels were extensively washed with MilliQ water (EMD Millipore), the low (\<14,000)-, middle (14,000--55,000)-, or high (\>55,000)-molecular-weight fractions of gels were excised, cut into 1--2 mm pieces, and destained with 1 ml of 50 mM ammonium bicarbonate (AMBC) buffer containing 50% acetonitrile (ACN) with agitation for 1 h. A final 100% ACN wash was performed to ensure complete gel dehydration. In-gel digestion was prepared by diluting modified sequencing grade trypsin (Promega) and lysyl endopeptidase (Wako Pure Chemical Industries) with 50 mM AMBC buffer, pH 8.0, containing 5% ACN. The digestion solution was added to the gel pieces and incubated overnight at 37°C. Digests were quenched and extracted by addition of 50 µl of 50% ACN containing 0.1% trifluoroacetic acid (TFA) solution for 1 h by shaking. The digested peptides were recovered into fresh Protein LoBind tubes and an additional extraction was performed with 70% ACN containing 0.1% TFA solution for 30 min. The extracted peptides were concentrated to 20 µl using a SpeedVac system (Thermo Fisher Scientific). The concentrated peptides were prepared in 0.1% TFA. The resultant peptides were analyzed on a nanoflow UHPLC instrument (Easy nLC 1000, Q-Exactive MS and nano electrospray ion source; Thermo Fisher Scientific) with the raw data processed using Xcalibur (Thermo Fisher Scientific). MS spectra were analyzed using Protein Discoverer software version 1.3 (Thermo Fisher Scientific). The fragmentation spectra were searched against the UniProt database with the MASCOT search engine. Data were prepared with PinPoint software version 1.3 (Thermo Fisher Scientific).

LC-MS/MS analysis of immunoprecipitated K48-linked polyubiquitin chains
-----------------------------------------------------------------------

Lysates of HeLa cells stably expressing PINK1-3×Flag were incubated with Apu2 (a rabbit mAb for the K48-linked polyubiquitin chain) or anti-SAMM50 (a rabbit mAb serving as a control IgG) coupled to 10 µl of protein G--Sepharose 4FF for 2 h at 4°C. The beads were washed three times with TNE-N^+^ buffer and boiled in SDS sample buffer. Immunoprecipitated proteins were resolved by SDS-PAGE and stained with CBB. The high-molecular-weight fractions (\>60,000) in the gel were excised, and in-gel digestion using trypsin and lysyl endopeptidase (Wako Pure Chemical Industries) was performed as described previously ([@bib25]), with some modification. In detail, gels were washed with MilliQ water. The bands were then cut into 1-mm^2^ pieces and destained with 25 mM AMBC buffer containing 50% ACN with agitation for 10 min. A final 100% ACN wash was performed to ensure complete gel dehydration. In-gel digestion solution was prepared by diluting modified sequencing-grade trypsin and lysyl endopeptidase with 50 mM AMBC buffer containing 5% ACN. The solution was added to the gel pieces and incubated overnight at 37°C. Digests were quenched and extracted by addition of 50% ACN and 1% formic acid mixture for 30 min by shaking. The digested peptides were recovered into fresh Protein LoBind tubes (Eppendorf). The extracted peptides were concentrated and prepared in 2% ACN and 0.1% TFA mixture. The resultant peptides were analyzed on a UHPLC system coupled to a Q Exactive mass spectrometer (Thermo Fisher Scientific). To generate extracted ion chromatograms, the raw data were processed using Xcalibur software (Thermo Fisher Scientific) and directly analyzed against the SwissProt database using Proteome Discoverer (Thermo Fisher Scientific) with the Mascot search engine (Matrix Science).

Ubiquitin replacement in cells
------------------------------

To replace genomic ubiquitin with a phosphorylation-deficient S65A mutant in mammalian cells, we modified the cellular system established by Z.J. Chen ([@bib61]). Ubiquitin knockdown U2OS cells and the WT ubiquitin rescue plasmid were provided by Z.J. Chen (University of Texas Southwestern Medical Center, Dallas, TX). In brief, U2OS cells were stably integrated with a tetracycline-inducible shRNA vector for all four ubiquitin genes *RPS27A*, *UBA52*, *UBB*, and *UBC* (referred to as U2OS-shUb cells hereafter). Target sequences for shRNA are ACACCATTGAGAATGTCAA (UBA52 and UBC) and AGGCCAAGATCCAGGATAA (RPS27A and UBB). Because the Ub shRNA vector harbors a puromycin resistance gene, the U2OS-shUb cells were selected accordingly. The cells were then transfected with a rescue plasmid harboring a neomycin resistance gene and an shRNA-resistant ribosomal subunit-fusion ubiquitin (WT or S65A) that is induced by tetracycline. The cDNAs harboring silent mutations were subcloned into a modified pcDNA3 vector in which two TetO~2~ sites were inserted between the CMV promoter and the start codon. The rescue plasmids contained two expression cassettes in which RNAi-resistant WT or S65A ubiquitin was expressed under the control of the tetracycline-inducible promoter. The second ubiquitin fusion gene is driven by the IRES (internal ribosomal entry site) sequence and contains an N-terminal HA epitope. The RNAi-resistant mutations in the transgenes are ATACAATCGAAAACGTCAA (Uba52) and AAGCTAAAATTCAGGACAA (RPS27A). After selection with G418 (400 µg/ml; Sigma-Aldrich), U2OS-shUb cells with the shRNA-resistant ubiquitin (WT or S65A) were treated with doxycycline (1 µg/ml), and used in experiments.

Immunoprecipitation
-------------------

HeLa cells expressing GFP-Parkin proteins were lysed with TNE-N+ buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1% NP-40, and protease and phosphatase inhibitor cocktail \[Roche\]). The lysates were centrifuged at 16,500 *g* for 10 min, and the GFP-fused protein in the supernatant was purified by immunoprecipitation with anti-GFP mAb-agarose (MBL). Immunoprecipitation of the K48-linkged polyubiquitin chain was performed as well using an Apu2 antibody (EMD Millipore).

Online supplemental material
----------------------------

Fig. S1 shows MS-based analysis of K48- and K63-linked polyubiquitin chains, supporting our conclusion that they are phosphorylated by PINK1 in cells. Fig. S2 indicates that tandem tetra-ubiquitin chain targeting to mitochondria is stabilized by treatment with the proteasome inhibitor MG-132. Fig. S3 shows the colocalization between phosphomimetic Parkin and phosphomimetic tetra-ubiquitin chain targeting to mitochondria. Fig. S4 shows the evidence for generation of a PINK1 KO HeLa cell line. Fig. S5 shows immunocytochemical data indicating recruitment of LC3 and p62 by a mitochondrial ubiquitin chain, and suggesting recruitment of Parkin by mitochondrial phosphorylated ubiquitin chain. Table S1 lists the plasmids used in this study. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201410050/DC1>.
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